Lysozyme adsorption on mesoporous silica at pH 7.15 is buffer specific. The synergistic action of buffers and salts induces relevant effects on the charged interfaces, and thus on lysozyme loading.
Hofmeister (ion specic) effects are phenomena related to the chemical nature of electrolytes. Although they are ubiquitous in all chemical, colloidal, and biological systems, [1] [2] [3] [4] [5] they cannot be quantied in terms of the conventional physico-chemical theories (i.e. Debye-Hückel, DLVO, etc.). These are limit theories, based on electrostatics, and valid at innite dilution only. The gap between theories and Hofmeister related experiments is usually very large since the ion specic effects are generally observed at high concentrations in the presence of strong electrolytes 0.3-3 M. 6 This is very far from the validity's domain of both limit laws, and their extensions (valid up to 10 À3 to 10 À2 M). 3 Nevertheless, it has been demonstrated that high concentrations of strong electrolytes are not strictly necessary to observe ion dependent phenomena. Several experiments showed that ion specicity occurs at physiological salt concentrations (0.1-0.15 M), and even below. 7, 8 Very recently, the occurrence of ion specicity at low salt concentrations (Hofmeister charging) has found a theoretical basis. 9 The nding that Hofmeister effects occur at low salt concentrations poses new questions. Can the weak electrolytes used for buffers give Hofmeister effects? According to the Henderson-Hasselbalch equation, 10 they should not. In biochemistry, it is necessary to use a buffer to x the pH of the experiment. This procedure has been used in many 'Hofmeister related' studies, in particular on protein aggregation, electrophoretic mobility and enzyme activity. [11] [12] [13] [14] [15] Typical buffer concentrations are in the range 10-100 mM. The implicit assumption is that, due to their low concentration, the buffer ions should not display any specic effect. This is not so. Indeed we recently observed that, even at the same nominal pH, lysozyme electrophoretic mobility was buffer dependent. 16 The conventional wisdom says that protein charges -and hence electrophoretic mobilitiesdepend on pH only, regardless of the buffer used to x it. As shown below, here we conrmed and extended that work. 16 It should be acknowledged that the original idea to investigate specic buffer effects is due to B. W. Ninham. Following his pioneering work on restriction enzymes, 17 we then observed specic buffer effects on pH measurements, 18 and lipase activities. 19 Moreover, by looking at the literature more in detail, 20 we found that similar specic buffer effects were discerned for DNA mobility, 21 protein stability, [22] [23] [24] antibody aggregation, 25, 26 swelling kinetics of polyelectrolyte gels 27 etc. Hence, buffers, besides setting pH, may specically interact with surfaces to modulate their effective charges.
20 This is not considered in the Henderson-Hasselbalch model for buffer action.
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Ordered mesoporous silica (OMS) materials have shown a very high propensity towards the adsorption of proteins and enzymes. [29] [30] [31] The most common OMS materials (i.e. MCM-41, SBA-15), besides a very high surface area, have pore sizes in the range 2-10 nm. These features allow for the penetration of proteins inside the inner architecture of the OMS particles.
32,33
When an enzyme is adsorbed on OMS an immobilised biocatalyst is obtained. 34 In nanomedicine applications, OMS can be used to adsorb antibodies or other proteins which either act as targeting agents (molecular recognition), or as therapeutics which require a sustained release. 35 The potentiality of OMSproteins composites has promoted a growing interest in different applied elds. 35 In these systems protein/silica interfacial interactions play a fundamental role. It is widely acknowledged that the pH and the ionic strength of the adsorbing solution affect the interactions. [36] [37] [38] Less investigated, but not really surprising, is that ions affect specically protein adsorption on silica.
39 Generally 'ion-specic' works are carried out by xing pH by means of a buffer and then varying the salt type and/or concentration. [11] [12] [13] Here, our purpose is to demonstrate that, besides strong electrolytes, also weak electrolytes, used to x pH, play a specic role. This has not yet been investigated systematically. The system chosen to this purpose was the physical immobilisation of lysozyme (LYZ) on SBA-15 and amino functionalised SBA-15 (SBA-NH 2 ), which we studied in the presence of different buffers (pH 7.15) and different 0.1 M salts. The performed experiments are described in the ESI le ‡ and schematised in Scheme 1.
Briey, LYZ adsorption on SBA-15 (or SBA-NH 2 ) mesoporous silica was carried out at 298 K and pH 7.15 in the presence of different buffers (Tris, BES, phosphate, and citrate), and quantied through spectrophotometry at l ¼ 280 nm. Buffers dissociation equilibria and pK a values are listed in Table 1 . Phosphate and citrate are typical buffers occurring in living systems. Tris and BES are commonly used in biochemistry labs. The pK a s values listed in Table 1 , conrm that all buffers would have a good 'buffering action' at a physiological pH ¼ 7-7.4. LYZ adsorption was carried out also in the presence of different 100 mM sodium salts, namely: NaCl, NaNO 3 and NaSCN (and for some experiments also NaBr and NaI). Firstly, the SBA-15 and SBA-NH 2 adsorbent materials were synthesised and characterised according to the procedures reported in the ESI le. ‡ Textural characterisation of SBA-15 ( Fig. S1 in ESI ‡) provided a surface area (BET) of 777 m 2 g À1 , and a maximum of the pore size distribution (BJH) at 6.4 nm (Table S1 in ESI ‡). The functionalisation with aminopropyl group to obtain SBA-NH 2 resulted in a decrease of both surface area to 398 m 2 g À1 , and pore size to 5.9 nm. The structural characterisation, carried out through SAXS, showed that both SBA-15 and SBA-NH 2 have an ordered hexagonal structure with a lattice parameter of 11.7 nm and 11.6 nm, respectively ( Fig. S1C and D ). This means that, in the absence of any added electrolyte, the two materials have opposite surface charges. Therefore we can expect that the adsorption of LYZ (isoelectric point: pI ¼ 11) is much more favoured on SBA-15 than on SBA-NH 2 .
This is demonstrated in Fig. 1 where LYZ adsorption is reported for the two silica matrices in the presence of different 10 mM buffers, at the same pH 7.15. In the case of SBA-15 ( Fig. 1A ) LYZ loading is always higher than 250 mg g À1 , and increases along the series Tris < BES < phosphate < citrate. Interestingly, the use of citrate instead of Tris buffer, resulted in a loading increase of 44%. A very low loading (in the range 0-10 mg g À1 )
was instead obtained for LYZ adsorption on SBA-NH 2 . This was expected on the basis of electrostatic considerations. For comparison, we also measured LYZ loading by adjusting pH at about 7.15 with addition of strong acid/base. We obtained a loading of 159 AE 58 mg g À1 for SBA-15 and about zero for SBA-NH 2 . We assign the high uncertainties to the difficulty to control pH without using a buffer. From the results in Fig. 1 we can argue that the chemical nature of both silica surfaces and buffers is relevant in addressing the observed phenomena. Recent experiments suggested that buffer ions adsorb Scheme 1 Schematic representation of the experimental procedure. specically at LYZ surface, thus modifying its effective electric charge, thus affecting its electrophoretic mobility. 16 Zeta potential (z) measurements shown in Fig. 2 conrm those previous results. Indeed, at pH 7.15, LYZ carries a positive net charge thus a positive z value would be expected, independently of the buffer used to x pH. But Fig. 2A shows that the z values depend signicantly on the buffer, and decrease along the series Tris > BES > phosphate > citrate. The effect of buffers on z measurements was here investigated also for the silica matrices. In the case of SBA-15 ( Fig. 2B ) z values are always negative and do not depend on the different type of buffer signicantly. On the contrary, in the case of SBA-NH 2 (Fig. 2C) , z values display a clear specic buffer dependence exactly as observed for LYZ (Tris > BES > phosphate > citrate). Remarkably, conrming what previously observed for LYZ, 16 citrate gives a reversal of zeta potential from positive to negative values also for SBA-NH 2 . These results demonstrate that the specic effect of buffers is important for LYZ and SBA-NH 2 , but not for SBA-15. Hence, the effect of the buffer (at pH 7.15) can be related to the presence of the positively charged amino groups at the SBA-NH 2 surface, and amino, imidazole and guanidino groups at LYZ surface.
Differently, the negatively charged silanol (SiO À ) groups of SBA-15 are negligibly affected by the different buffers. It is evident that buffers' anions, particularly citrate buffer (constituted by the divalent hydrogen citrate and the trivalent citrate anions, see Table 1 ) displays a very high affinity and selectivity towards binding at the positively charged interfaces. Hence, a combination of electrostatic, and van der Waals interactions could be suggested to justify the observed trends. 36 In fact, a more detailed approach has recently been proposed.
9, 41 The effects of increasing the buffers' concentration (from 10 mM to 100 mM) on LYZ loading on SBA-15 was also studied, as shown in Fig. S2 (ESI ‡) . The increase of the buffers' concentration also affected the absolute value of zeta potentials of SBA-15 (see Fig. S3 ESI ‡) . However, the increase of buffer concentration did not provide any signicant advantage to loading, therefore we used a 10 mM buffer concentration to evaluate the effect of adding strong electrolytes.
Different 100 mM sodium salts were added during the LYZ loading experiments on SBA-15 and SBA-NH 2 . The investigated anions were Cl À and SCN
À
, that are located respectively in the middle and at the 'chaotropic end' of the Hofmeister series, and NO 3 À which is in between these two. Fig. 3 shows the effect of the salt addition on z-potentials of LYZ in different buffer solutions. The salt addition produces negative z values on LYZ in the presence of all buffers except BES, probably due to the zwitterionic nature of this buffer. Fig. 4A and B show the effect of salt addition on z-potential of the two silica matrices in the presence of Tris (cationic) and citrate (anionic) buffers. These buffers were selected since, in the absence of added salt, they gave the lowest and the highest LYZ loading on SBA-15, respectively (Fig. 1 ). In the case of SBA-15, the addition of salt just decreases the absolute value of z-potentials as a result of cations' binding to the negatively charged silica surface. For SBA-NH 2 besides the effect of NaCl, NaNO 3 , and NaSCN, we also investigated the effect of NaBr and NaI, as shown in Fig. 4B . Also in this case the addition of 100 mM sodium salts decreases z-potentials, but a 'bell shaped' Hofmeister series is observed (when anions are ordered by the conventional series) in the presence of both buffers. Interestingly, SBA-NH 2 sample is more sensitive than SBA-15 to both buffer and salt type as shown by the corresponding z-potentials. Denitely, the addition of salts reduces signicantly the surface charge in all cases, but does not cancel the effect of buffers in the cases of the two positively charged surfaces of LYZ and SBA-NH 2 . Finally, let us focus on LYZ loading in the presence of buffers and salts. Fig. 5 shows the results for the two silica matrices in Tris and citrate buffers: for SBA-NH 2 the effects of NaBr and NaI are also enclosed. In the case of SBA-15 ( Fig. 5A ) in Tris buffer a LYZ loading increase along the series 'No Salt' < NaCl < NaBr << NaSCN was observed. In citrate buffer, instead, ions specicity was lost. Evidently, the background buffer, used to set the pH, triggers a further dependence on the anion type of the added strong electrolytes. In the case of SBA-NH 2 , LYZ loading data, in the presence of NaCl, NaBr, and NaNO 3 , are very low (<20 mg g À1 ). Strikingly, the addition of either NaI or NaSCN induced a huge increase of loading. This high loading is achieved for both buffers (and also for BES and phosphate buffers: see Fig. S4 in ESI ‡). Fig. 5 shows another noteworthy result: in the presence of 100 mM NaSCN (or NaI), LYZ loading obtained for SBA-15 (Tris buffer) and SBA-NH 2 (all buffers) is very similar. In a recent interesting work Meissner et al. proposed a model for the calculation of the maximum uptake capacity of SBA-15.
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A rough comparison between the adsorption data of the present and that work would lead to the conclusion that the very high loading obtained here for SBA-15 and SBA-NH 2 in the presence of 0.1 M NaSCN (or NaI) exceed the maximum loading capacity. In fact, although the Meissner model is highly reasonable, this is based on geometric considerations of pore size and pore volume of the sorbent material as well as LYZ size. There might be several explanations for that apparent inconsistency. In particular, we argue that the different method used to calculate the pore size might be the main cause. 43 Indeed we used the BJH method (ESI ‡), whereas the KJS method was used by Meissner et al. 42 It has been shown that different methods can result in different pore sizes. 44 Moreover, we cannot exclude that, in addition to adsorption, an unwanted LYZ co-precipitation phenomenon may occur. A systematic investigation of the reasons of the high loading observed in the presence of 0.1 M NaI and NaSCN is, although of extreme interest, beyond the scopes of this work which was mainly devoted to investigate the specic effect of buffers.
The high LYZ loading observed for SBA-NH 2 found in the presence of the most polarisable anions I À and SCN À , might be due to their ability to counteract, and exceed both the electrostatic repulsion between the positively charged LYZ and SBA-NH 2 surfaces. Denitely, the effect of NaSCN (and NaI) is so strong to overcome all other types of interactions or buffer specic effects involved in LYZ loading. This striking result cannot be justied in terms of electrostatic interactions only, since salt addition reduces signicantly all surface charges, as demonstrated by z-potential data shown in Fig. 3 and 4 . Indeed, the LYZ loading around 600-700 mg g À1 obtained for both positively and negatively charged silica matrices, is likely promoted by non-electrostatic interactions mainly. A recent work investigating the effect of ionic strength on the adsorption and release of lysozyme from SBA-15 at pH 7 (10 mM phosphate buffer), 38 showed that a high ionic strength (1 M NaCl) favours the LYZ adsorption but not its release. Here we xed pH (7.15) and ionic strength (100 mM) but varied the nature of the buffer used to set pH, the salt used to set ionic strength, and the sorbent surface. The fact that buffers and salt ions give rise to different loadings suggests that they interact specically with LYZ and silica surface sites, thus affecting their actual dissociation constants and effective surface charges. 9, 41, 45 The main outcome is that protein loading on OMS is the result of the complicated interplay among the specic effects of the buffers, the salts, and the charged interfaces. Sometimes the dominant effect is due to the buffer, sometimes to the salt, sometimes both matter. In this work the buffer effect is more important for LYZ loading on SBA-15 ( Fig. 1) , whereas the specic anion effect is strong also for SBA-NH 2 sorbent (Fig. 5B) .
Finally, we remark that the consequences of this work go beyond the specic case described here. The Henderson-Hasselbalch equation, known to be one of the pillars of chemistry, considers buffers action only in terms of the pK a of the weak electrolyte. But in the presence of charged interfaces the buffer species tend to adsorb thus modifying the effective surface charges and the physico-chemical behaviour of the system. Here, a competition between buffer and salt ions for adsorption on LYZ and OMS surfaces can clearly be inferred. Hence, specic buffer effects would require to be included in the plethora of phenomena that we classify as 'Hofmeister effects'.
